INTRODUCTION
An abdominal aortic aneurysm ͑AAA͒ is an abnormal widening of the aorta, which is related to weakness of the vessel wall ͑as-sociated with degradation of connective tissue͒. The underlying cause for the formation of an aneurysm can be either inherited ͑i.e., Marfan syndrome or Ehlers Danlos syndrome͒ or acquired, with risk factors including hypertension, atherosclerosis, or smoking ͑see, e.g., Ref. ͓1͔͒. AAAs are potentially life-threatening medical conditions often requiring surgical intervention. These interventions, however, continue to pose serious risk on patients with a mortality rate of about 5% on patients with stable AAA ͓2͔. However, after AAA rupture, 50% of the patients die before reaching the hospital, and emergency repair has about 40-50% mortality ͓3͔. Therefore, ͑biomechanical͒ indicators of AAA rupture and definitions of better criteria for surgical intervention are of pressing need. In this aspect, see the recent review article by Vorp and Vande Geest ͓4͔. At the moment, the major criterion that has been used for decision making whether an aneurysm should be operated or not is the aortic size ͑diameter͒. A statistical analysis performed with a database of 230 patients with thoracic aortic aneurysms revealed median size at time of rupture or dissection of 6 cm for ascending aneurysms and 7.2 cm for descending aneurysms ͓5͔. The incidence of dissection or rupture increased with aneurysm size. The studies by, e.g., Refs. ͓6-11͔, conducted on abdominal aortic aneurysms, suggest peak wall stress as a more reliable parameter for the assessment of the risk of AAA rupture. The work of Ref. ͓10͔ documents that peak wall stresses in aneurysms have a higher sensitivity ͑patients that underwent rupture͒ and specificity ͑pa-tients that did not undergo rupture͒ than the maximum diameter. These findings appear to be supported by the results obtained by Ref. ͓11͔ , who analyzed 27 aneurysms ͑15 nonruptured and 12 ruptured͒ using the finite element method. In their study, the peak wall stresses in the ruptured aneurysms were found to be about 60% higher than for the non-ruptured aneurysms. In addition, the study performed in Ref. ͓11͔ indicated that the location of the maximum wall stress correlates well with the site of rupture. Therefore, a method to find more reliably an estimate of the AAA wall stresses could result in a useful tool for clinicians in assessing the risk of AAA rupture. A great deal of research effort has been devoted to the development of tools for evaluating the risk of rupture of an AAA. For example, Vande Geest et al. ͓12͔ have recently proposed a comprehensive statistical model to determine the distribution of wall strength in AAA considering factors such as gender, age, family history of AAA, AAA size, local diameter, smoking status, and local intraluminal thrombus thickness.
An accurate and reliable stress analysis of AAA requires not only a precise three-dimensional description of the lesion but also an appropriate constitutive law for the AAA material. In this regard, most of the previously reported AAA studies have used isotropic models ͓8,9,13,14͔. Such models, however, are limited for AAA stress analysis since ex vivo biaxial experiments on human AAA tissue, recently documented in Ref. ͓15͔, demonstrated that the aneurysmal degeneration of the aorta leads to an increase in mechanical anisotropy, with the circumferential direction being the preferential stiffening direction. Therefore, it is advantageous to use anisotropic constitutive models for AAA stress analysis, as, e.g., in Ref. ͓15͔ . Vande Geest ͓16͔ performed anisotropic finite element simulations on patient-specific geometries using the 2D constitutive law developed in Ref. ͓15͔ and shell elements. However, it is important to point out here that the more the wall thickness decreases the less influence the material law has. For a membrane, for which the law of Laplace is valid, the related membrane forces can be deduced solely from equilibrium, and hence membrane forces are independent of the used material law. This is why we employ a three-dimensional constitutive model in the present study. Finally, note that the study conducted by Thubrikar et al. ͓9͔ indicates a considerable transmural variation of the maximum principal stress, for which 3D continuum models or advanced shell models are required.
The particular aim of this work is to determine how geometry and material anisotropy influence the magnitude and distribution of the peak wall stress in the AAA. Three-dimensional AAAs were generated by using a parametrization ͓13͔ in which maximum diameter and aneurysm length can be individually controlled. A modified form of the three-dimensional strain-energy function ͑SEF͒, as proposed in Ref. ͓17͔ , was used to model the anisotropic behavior of the AAA tissue with material parameters obtained by fitting the model to biaxial data recently reported in Ref. ͓15͔ . The results from this constitutive approach were then compared with the results obtained by taking the AAA tissue as isotropic, and using the constitutive model proposed in Ref. ͓18͔.
Methods

Geometric Model.
We use here a parametrized geometric aneurysm model to better identify the effect of each individual geometric variable ͑diameter, length, and asymmetry͒ on the overall mechanical response of the aneurysm wall. The proposed hypothetical aneurysm allows a comparison with other ͑available͒ studies, in particular, also with patient-specific geometric data showing similar parameters.
We generated ͑idealized͒ geometric models by means of the commercial software IDEAS such that the cross section at any axial position is circular. The shape of the aneurysm is defined by a "parabolic-exponential shape" function proposed in Ref. ͓13͔, see Fig. 1 . The mathematical function of the geometry is given by
where R a is the radius of the healthy artery, R an is the maximum radius of the aneurysm, c 1 is a constant to be taken as 5.0, and c 2 , c 3 are dimensionless geometrical parameters depending on the geometry of the aneurysm according to
where L an defines the length of the aneurysm.
In order to study the effect of the AAA geometry on the distribution of the wall stresses, we introduce three ͑dimensionless͒ geometrical parameters, i.e.,
which are now explained in more details. The parameter F R ജ 1 defines the ratio between the maximum AAA radius and the healthy arterial radius, F L defines the ratio between the length of the aneurysm and the maximum AAA radius, while F E ͓0,1͔ is a measure of the aneurysmal eccentricity, with e, as indicated in Fig. 1 , is the actual eccentricity between the center of the healthy artery and the center of the section where the maximum aneurysmal diameter is located. The extreme cases F E = 0 and F E = 1 define the symmetrical situation ͑e =0͒ and the most asymmetric geometry ͑e = R an − R a ͒, respectively. We now generate geometric AAA models by varying these three parameters. where F R ranges from 2.0 to 3.0 and F L from 1.5 to 3.0. For all models, we assumed the wall thickness to be uniform, with 1.5 mm ͓14͔, and the arterial radius was considered to be R a = 10.1 mm for all generated geometries. The constant wall thickness assumption has been used in a number of previous studies ͓8, 11,13,14,19͔ , which seems to be a reasonable assumption for models, which are not based on patientspecific geometries. The overall length of the lesion, say, L ͑Fig. 1͒, was set to be 1.3L an and, therefore, ranged from 64.6 mm for Case 1 to 90.4 mm for Case 9. This length was also found to be the minimum required for the boundary conditions to have no effect on the stress distribution in the lesion.
Material Model.
Physiologic and biomechanical studies show that the AAA wall is a heterogeneous material undergoing large strains prior to failure ͑for an overview see, e.g., Ref. ͓1͔͒. In this work, the aneurysmal tissue is assumed to behave isochoric and anisotropic undergoing large strains. We consider the aneurysmal wall as a hyperelastic material and postulate the existence of a SEF ⌿ from which the stress-strain behavior of the material can be derived ͓20͔. In addition, we employ the multiplicative decomposition of the deformation gradient F into a volumetric part J 1/3 I and an isochoric part F , with the volume ratio J = det F Ͼ 0 and det F = 1. By using an additive decomposition of ⌿ ͓21͔, we may write ͓17͔
where C = F T F is the right Cauchy-Green tensor and a 0 and b 0 denote the directions of collagen fibers within the tissue. In Eq. ͑4͒, the volumetric elastic response U and the isochoric elastic response ⌿ of the material are given scalar-valued objective functions of J and the invariants Ī i , i =1,2,4, . . . ,8, respectively. The invariants Ī i are expressed in terms of C, a 0 , and b 0 as
With the SEF so defined, the second Piola-Kirchhoff stress tensor reads
where p = dU / dJ is the constitutive equation for the hydrostatic pressure p, and Dev͑•͒ = ͑•͒ − 1 3 ͓͑•͒ : C͔C −1 is the deviatoric operator in the Lagrangian description. The Cauchy stress tensor is then simply obtained through the relation = J −1 FSF T . In order to address the effect of the anisotropy on the material response, isotropic and anisotropic constitutive relations for the AAA are considered. For the case of isotropy, the material response of the aneurysm is characterized by the SEF ͓18͔
where C 1 is a constant with the dimension of stress and C 2 is dimensionless.
For the case of anisotropy, the isochoric part of the SEF is additively decomposed into an isotropic contribution, corresponding to the matrix material, and an anisotropic contribution, related to the ͑two families of͒ collagen fibers, i.e.,
where C 1 is a stresslike material parameter, and k 1 , . . . ,k 4 are the material parameters corresponding to the fibers, while ͓0,1͔ is a ͑dimensionless͒ measure of anisotropy. Ī 4 0 Ͼ 1 and Ī 6 0 Ͼ 1 are dimensionless parameters regarded as the initial crimping of the fibers. Note that for the limit = 1 we get the constitutive equation, as proposed in Ref. ͓17͔ ͑with Ī 4 0 = Ī 6 0 =1͒, while for the limit = 0, we get an ͑isotropic͒ constitutive equation, as documented in Refs. ͓22,23͔. In addition, we assume that the anisotropic term in Eq. ͑8͒ contributes when either Ī 4 Ͼ Ī 4 0 or Ī 6 Ͼ Ī 6 0 or both. For example, if Ī 4 Յ Ī 4 0 and Ī 6 Ͼ Ī 6 0 , then only Ī 6 contributes to ⌿. Basically, the same form of the SEF ͑8͒ can be used for each arterial layer, but with a different set of material parameters. Since we are interested in studying the influence of anisotropy on the stress distribution in AAAs, the same mechanical and structural properties through the thickness of the wall is assumed here for reasons of simplicity. In addition, we assume that the two families of ͑collagen͒ fibers are mechanically equivalent so that k 1 = k 3 and k 2 = k 4 .
The material parameters for the constitutive models ͑7͒ and ͑8͒ Table 2 Values of the material parameters for the isotropic model "7… and the anisotropic model "8… In adjusting the models to the biaxial data, we defined the directions a 0 and b 0 of collagen fibers as ͓a 0 ͔ = ͓cos sin 0͔ and ͓b 0 ͔ = ͓cos − sin 0͔, where denotes the angle between the fiber reinforcement ͑orthotropy͒ and the circumferential direction in the wall, which acts here as a geometrical parameter. Since the structural orientation was not investigated, the parameter is used here as a phenomenological variable. The load ratio of the biaxial test has been also accounted for in the fitting processes by constraining the objective function in the mean square minimization. Table 2 shows the values of the material parameters for both constitutive models. Figure 3 shows the fit of the anisotropic model to the biaxial test data. In general, the model fits the data well ͑R 2 = 0.86͒ capturing the rapid stiffening of the tissue while keeping the load ratio. However, the model exhibits a slight drift from the actual longitudinal stress value for T / T LL = 0.5: 1 ͑the value T / T LL denotes the ratio of engineering stresses in circumferential and longitudinal directions͒. Figure 4 shows the fit for the isotropic model to the biaxial test data. The fit is not as good as for the anisotropic model ͑R 2 = 0.56͒. In particular, the isotropic model lacks the ability to capture the biaxial behavior for load ratios T / T LL = 1 : 0.5 and T / T LL = 1 : 0.75 for which a consistent drift from the actual load path can be seen. In general, model ͑7͒ is unable to capture the material behavior. This result is expected due to the anisotropic nature of the tissue and it seems to preclude the use of isotropic models for accurate stress analysis.
Finite Element Model.
The three-dimensional AAA models were meshed with the commercial software IDEAS and analyzed with ABAQUS ͑ver 6.5-1, Hibbitt, Karlson and Sorensen, Inc., Pawtucker, RI͒ by using 30,240 hexahedral incompressible elements ͑C3D8H͒. Figure 5 shows a typical finite element mesh used for the simulations. The anisotropic material model was implemented in the material user subroutine UMAT. An inner pressure of 16 kPa ͑120 mm Hg͒ was applied to simulate the endsystolic conditions since this pressure represents the stage of the cardiac cycle in which the AAA experiences the largest wall stress. The longitudinal constraining at the proximal and distal parts of the aneurysm due to the renal and iliac arteries was simulated by constraining the displacements to zero at both ends ͓7,8,11͔. Note that this type of boundary condition also facilitates convergence of the model, particularly when asymmetric geometries are considered. However, care must be taken by evaluating the results since the computation may produce stress concentrations at both ends and stiffening effects may occur along the aneurysm. In the present work, the maximum length of the computational domain was chosen in such a way that stress concentrations were minimized and the stress distribution within the aneurysm was minimally affected by the boundary conditions. This was achieved by comparing results with a model where radial displacements at both ends were not constrained.
The orientation of collagen fibers has been included in the model by defining a tangent at each integration point. The vectors are oriented according to the angle , as provided in Table 2 , with respect to the circumferential direction of the artery. Figure 6 shows the orientation of the collagen fibers for F R = 2.75, F L = 1.5, and F E = 0.5. Note that the aneurysmal model considers uniform mechanical properties, and we made no distinction between the aneurysm and the adjacent vasculature. A refined model should consider the variation in the mechanical properties between the arterial and aneurysmal tissues since otherwise stress concentrations would appear at the interfaces.
In order to determine the quality of the mesh used for the calculations, a sensitivity analysis was performed. Table 3 shows the maximum wall stress in the asymmetric aneurysm ͑F E = 1.0͒ with F R = 2.75 and F L = 2.5, for different mesh densities.
Results
A total of 27 simulations were performed for each material model of the aneurysmal tissue. Distributions of the maximum principal ͑Cauchy͒ stresses for the isotropic and anisotropic models, for Cases 1 and 9 ͑see Table 1͒ , and for three different values of F E are shown in Fig. 7 . For clarity, only one-half of the aneurysm is shown in the figures. Note that the maximum stress value always appears at the inner surface of the aneurysm, and that there exists a stress gradient through the aneurysm wall thickness, 
021023-4 / Vol. 130, APRIL 2008
Transactions of the ASME which can be described due to the use of the three-dimensional model ͑8͒. It is worth pointing out that the direction of the maximum principal stress was always found to be closely aligned with the circumferential direction of the aneurysm. Figure 8 shows the maximum principal ͑Cauchy͒ stresses for three different values of F E and for both material models ͑the dashed lines refer to the isotropic model, while the solid lines refer to the anisotropic model͒. The effect of the anisotropy on the maximum principal stress is remarkable. For aneurysms with the same geometric characteristics, the maximum principal stress is always larger for the anisotropic model, with a maximum of 60% difference for asymmetric AAAs ͑F E =1͒. For the isotropic model, our results are in good agreement with those reported by Thubrikar et al. ͓9͔. Their model ͑a patient-specific aneurysm͒ corresponds to an aneurysm with F R = 2.0, F L = 3.0, and F E Ϸ 1.0, for which maximum principal stresses of 270 kPa for a wall thickness of 1.58 mm and 340 kPa for a wall thickness of 1.32 mm were obtained. These values correlate well with 300 kPa, which we obtained for a similar aneurysm ͑see Fig. 8͒ . A larger discrepancy, however, we found by comparing with results reported in Ref. ͓8͔ where for an aneurysm with parameters F R = 3.0, F L = 2.0, and F E Ϸ 1.0, the maximum von Mises stress was found to be 300 kPa, as compared with 400 kPa obtained in the present study. One reason may be found in the relatively large material stiffness used in Ref.
͓8͔.
For the geometric parameters, it was found that the maximum principal stress increases ͑almost͒ linearly with the diameter of the aneurysm ͑dependence on F R ͒, as has been also reported in Ref.
͓8͔. This variation is observed independent of the degree of asymmetry of the aneurysm ͑value F E ͒ or the relative length F L . However, the peak wall stress is more sensitive to changes in the diameter as the aneurysm asymmetry increases. The effect of aneurysm asymmetry is quite important; for AAAs with the same diameter and relative length, the peak wall stress can increase significantly as the aneurysm becomes more asymmetric. For example, in an aneurysm with F R = 2.75 and F L = 1.5, the peak wall Table 2… with respect to the circumferential direction of the artery.
(a) (b) Fig. 7 Contour plots of the maximum principal stresses in the aneurysmal wall for Cases 1 and 9 "see Table 1… and for three different values of F E : "a… isotropic stress response according to Eq. "7…; "b… anisotropic stress response according to Eq. "8…. The magnitude of the stress is given in kPa.
stress increases from 330 kPa to 457 kPa, more than 35% ͑the numbers refer to the isotropic calculation͒. On the other hand, a fusiform aneurysm ͑F E = 0.0͒, with F R = 2.75 and F L = 2.5 has about the same peak wall stress as an asymmetric one ͑F E = 0.0͒, with parameters F R = 2.0 and F L = 1.5. Regarding the relative aneurysm length, the effect of F L on the stresses seems to correlate with F E . For symmetric ͑F E = 0.0͒ and slightly asymmetric ͑F E = 0.5͒ aneurysms, the peak wall stress increases with F L ͑see Figs. 8͑a͒ and 8͑b͒͒, while for F E = 1.0 the maximum peak stresses are obtained for shorter aneurysms, i.e., for F L = 1.5. These results suggest that shorter aneurysms are more critical when asymmetries are present. Note that all these observations can be made independent of the used material model. In order to better understand the behavior described above, Fig.  9 depicts the maximum principal stress fields in symmetric ͑F E = 0.0͒ and asymmetric ͑F E = 1.0͒ AAAs, for three different relative lengths F L and for F R = 2.75. The results were obtained with the anisotropic material model ͑8͒. Figure 9 shows that as F L decreases, the maximum principal stress in the aneurysmal wall relocates from the midsection of the bulge to the section where the inflection in the aneurysmal surface occurs, a tendency which appears to be independent of the degree of the aneurysmal asymmetry. In addition, for asymmetric cases, when the maximum stress appears at the midsection of the aneurysm, it is located in the surface opposite to the aneurysm bulge. This finding appears to be somewhat different from that obtained in Ref. ͓8͔ , where maximum von Mises stresses were always located at the surface of the bulge ͑denoted as anterior surface in the related study͒. This difference may come from the fact that the study ͓8͔ was conducted with the assumption of linear elastic material properties of the aneurysm wall, and with a considerable larger elastic modulus of the material, which results in a stiffer mechanical response than that considered here.
The effect of the material anisotropy over the stress distribution of the aneurysms has been more carefully addressed by looking at the circumferential and longitudinal stress in an element located at the inner surface of the midsection of the aneurysm, as shown in Fig. 10 . As mentioned before, the circumferential stress coincides with the maximum principal stress, while the longitudinal stress does with the midprincipal stress in all cases for the isotropic and anisotropic material models. Figure 11 shows a direct comparison between the circumferential and longitudinal stresses obtained with isotropic and anisotropic material models. Individual curves are related to equal F R values, while the symbols indicate the same F L value. The figure shows a nonlinear correlation between the isotropic and anisotropic cases. Therefore, care must be exerted when interpreting results obtained with isotropic models since they could lead to wrong conclusions.
Figures 12 and 13 show the circumferential and longitudinal stress distributions in the midsection of an aneurysm with F R = 2.0, F L = 2.0, and F E = 1.0. For the circumferential stress, the stress distribution follows the same pattern for both models, even though the anisotropic model gives a more uniform stress distribution along the inner surface of the aneurysm as compared to the isotropic case. For the longitudinal stress, however, the stress distribution is rather different for both models. While for the anisotropic model, the maximum stress is located in the inner surface of the bulge, for the isotropic model, the maximum longitudinal stress occurs at the outer surface of the bulge. In other words, if circumferential tearing is related to maximum longitudinal stress, isotropic models will suggest to look at the outer wall of the aneurysm while anisotropic models would predict dissection to start at the inner wall of the aneurysm. These results also indicate a large transmural stress gradient for both models, being more significant for the anisotropic model.
Discussion
The risk of AAA rupture has been commonly quantified in terms of the maximum aneurysmal diameter. In addition, several other predictors of rupture appeared in the past including, e.g., the growth of the intraluminal thrombus ͓24͔. Clinical observations, however, have shown that asymptomatic aneurysms may rupture independently of their size ͓11,25͔. The fact that aneurysm rupture is caused by a gross mechanical failure of the arterial wall when the stress exceeds a certain value of tissue strength has lead to the consideration of wall stresses as one possible risk factor of rupture of individual aneurysms ͓8,10,11,13͔. Therefore, a reliable calculation of wall stresses within patient-specific aneurysms may serve as a useful approach for a better evaluation of rupture risk. Stress analysis on AAA conducted to date is mainly based on hyperelastic and isotropic constitutive models ignoring the inherent structure of the tissue and its anisotropic behavior. Recently, the anisotropic behavior has been shown by means of biaxial tests performed on AAA tissues obtained from 26 samples ͓15͔ ͑see also the anisotropic modeling approach therein͒. In addition, with the exception of the study ͓26͔, it seems that all models have considered the aneurysmal wall as a thin shell. However, all previous studies are based on isotropic models, except study ͓16͔ in which the anisotropic model of Ref. ͓15͔ has been used for shellbased finite element analysis of patient-specific aneurysms. In the present work, symmetric and asymmetric aneurysms with different geometric characteristics have been generated, and the structure of the tissue ͑i.e., orientation of collagen fibers͒ have been taken into account by using a modified form of the constitutive model proposed by Ref. ͓17͔, which also accounts for the crimping of collagen fibers. For reasons of comparison, the isotropic material model originally proposed by Ref. ͓18͔ was used. The material constants for both models were obtained by fitting the biaxial test data of Ref. ͓15͔. The aim of this investigation was then to gain more in-depth insight on the effect of diameter, asymmetry, and anisotropy of AAAs on peak wall stresses.
Computer simulations show that stress distributions in AAAs depend markedly on the used model-isotropic or anisotropic. The most remarkable difference is located in the peak wall stress obtained from both models ͑see Fig. 8͒ , with differences up to 60% by assuming the same geometric AAA characteristics. This result suggests that computer simulations must be conducted by means of models, which properly consider the tissue structure, otherwise, according to Fig. 8 , the simulations underestimate the aneurysm risk. The influence of anisotropy appears to be also clear when looking into a particular section of the aneurysm, as shown in Fig. 9 . These results suggest that anisotropy does not only change the maximum value of the peak wall stress but also its location. However, it is also important to point out that, if the peak wall stress is taken as the only indicator of rupture risk, maximum principal stresses for isotropic and anisotropic models correlate linearly ͑R 2 = 0.895͒, as shown in Fig. 14 . Therefore, anisotropy appears to consistently scale up the rupture risk indicator.
This observation was also pointed out in Ref. ͓16͔ where patient-specific aneurysm models have been investigated. Thereby, the intraluminal thrombi were not modeled. In Ref. ͓16͔, it is reported that for all evaluated 21 cases, in general, the use of an anisotropic constitutive relation increases the maximum principal stress values within a given AAA. The results from this investigation seem to confirm earlier observations that rupture risk prediction based on peak wall stress is mostly dependent on local geometric parameters of the aneurysm as well as of the thrombus. However, it was also observed that in about 25% of the cases, the isotropic model results into larger peak wall stresses than the anisotropic model.
Computer simulations also show that aneurysmal asymmetry does significantly affect peak wall stresses. In this regard, for a given aneurysmal geometry ͑same F R and F L ͒, the difference in peak wall stress between a symmetric ͑F E = 0.0͒ and an asymmetric aneurysm ͑F E = 1.0͒ is more than 60% with respect to the anisotropic model and 38% for a computation based on the isotropic model. In addition, the same peak wall stress is obtained for a symmetric aneurysm with F R = 2.75 and F L = 2.5 as for an asymmetric aneurysm ͑F E = 1.0͒ with F R = 2.0 and F L = 1.5. This could help to explain cases of ruptured aneurysms with relatively small diameter ͓27,28͔. The relative length F L of an aneurysm also affects the stress distribution in the aneurysm. In that case, as F L Fig. 9 Maximum principal stress fields in symmetric "F E = 0.0… and asymmetric aneurysms "F E =1.0… with different relative lengths F L and for F R = 2.75. Results were obtained with the anisotropic model "8…. Fig. 10 Element on which circumferential and longitudinal stresses were studied for both isotropic and anisotropic material models decreases, the peak wall stress relocates from the midsection of the bulge to the section where the inflection in the aneurysmal surface occurs.
In addition, as aneurysms become more asymmetric, shorter aneurysms become more critical. An explanation for this phenomenon may be found in the fact that for symmetric aneurysms the pressure is symmetrically balanced in the circumferential direction, while this is not the case with asymmetric aneurysms. Asymmetric geometries cause larger stresses near the area where the curvature of the aneurysmal surface changes. This situation becomes more critical when F L decreases, as can be seen in Fig. 9 , since the curvature changes more abruptly. However, as the relative length F L of the aneurysm increases, the stresses in the midsection of the aneurysm bulge become more dominant over the stress developed at the inflection of the aneurysmal surface.
The used constitutive model ͑8͒, which is able to describe the 3D and isochoric response of the aneurysm, is a priori convex and it accounts for the initial crimping of collagen fibers. Another advantage of model ͑8͒ with respect to others is the fact that it is 
021023-8 / Vol. 130, APRIL 2008
Transactions of the ASME also applicable for arbitrary geometries ͑for which circumferential, longitudinal and radial directions are difficult or even impossible to identify͒ so that more complex boundary-value problems can be solved. In addition, results from this study show a considerable transmural stress gradient, which suggest the use of 3D models rather than 2D models ͑thin shell models͒ of the aneurysm when conducting finite element stress analysis. The material parameters summarized in Table 2 have been obtained by imposing constraints on the load ratio used in the biaxial tests. The results shown in Fig. 3 demonstrate that the SEF closely models the nonlinear behavior exhibited by the aneurysmal tissue. A final comment is devoted to the limitation of this study. In the present analysis, a parametrized geometric aneurysm model has been used to determine the effect of geometric parameters, such as diameter, length, and asymmetry on the overall mechanical response of the aneurysm wall by using a nonlinear anisotropic material model. Previous studies have identified that such geometric parameters exert an important influence on the maximum principal stress developed in the lesion ͓9,19͔. Since the study was not based on patient-specific geometry we have used a constant wall thickness, which is an assumption. Note that the thickness distribution along the lesion is patient dependent. A recent study ͓29͔ on harvested aneurysm has shown a large dispersion in the measured wall thickness within a given aneurysm region. However, the inclusion of a given thickness distribution in a model would not be a straightforward task since an accurate determination of the 3D wall thickness in vivo from CT images seems to be still a problem. By considering uniform properties throughout the thickness, we have also neglected the possible presence of calcification in the tissue. However, as pointed in Ref. ͓30͔, calcification morphology is almost the same anywhere it is formed, but the distribution is certainly patient dependent, and should be accounted for in related computational studies. In addition, we note that residual stresses ͑and strains͒ in the aneurysm were not considered in the present analysis. To the authors' knowledge, there are no adequate experimental data available yet.
Concluding Remarks
In this work, we attempted to point out the importance of considering the material anisotropy in AAAs. Stress distributions were obtained with isotropic and anisotropic models, and have been compared on the basis of 27 generated aneurysmal geometries. The obtained results point to the importance of considering the anisotropic behavior of AAA tissues when determining the rupture risk on the basis of finite element stress analysis. Our results indicate that anisotropy scales up the peak maximum principal stress in the aneurysm, and that the location and stress gradients are strongly dependent on the choice of the material model. This suggests that an analysis should not only focus on the correlation between the values of the maximum principal stresses but also on the location where these stresses occur and how they relate to clinical data. The results corroborate the observations made by other studies in regard to the influence of diameter and the degree of aneurysmal asymmetry on the stress distribution and the maximum principal stresses developed in AAAs. In addition, this study has also shown the importance of the relative aneurysmal length F L along with the asymmetry on the peak stresses. In this regard, the simulations revealed a similar sensitivity of the peak stresses to changes in relative aneurysmal length F L and to the aneurysmal diameter, and a larger sensitivity to the aneurysmal asymmetry. These results suggest that the maximum aneurys- mal diameter cannot be regarded as the only geometric parameter to evaluate the severity and rupture risk of an AAA. Other geometric parameters, such as the relative aneurysmal length F L and the degree of aneurysmal asymmetry F E , should be also included in a rupture risk decision criterion. We have also introduced a novel SEF, which seems to be well suited for modeling aneurysmal tissue. It has the ability of capturing the rapid material stiffening under different load patterns, while keeping the toe region in the stress-stretch response of these tissues. Future studies on patient-specific geometries of AAAs should treat the arterial tissue as an anisotropic material and consider the actual wall thickness. In addition, further studies are required to include the effect of calcification in other wall pathologies on the stress distribution and the maximum peak wall stress in aneurysms. 
